The properties of polymers are required firstly to select a material which enables desired performance of the plastics component under conditions of its application. Furthermore they are also essential in design work to dimension a part from a stress analysis or to predict the performance of a part under different stress situations involved. Knowledge of polymer properties is, as already mentioned in the preface, a prerequisite for designing and optimizing polymer processing machinery.
Ideal Solids
Ideal elastic solids deform according to Hookean law which states that the stress is directly proportional to strain. The behavior of a polymer subjected to shear or tension can be described by comparing its reaction to an external force with that of an elastic solid under load. To characterize ideal solids, it is necessary to define certain quantities as follows [3] :
Tensile Properties
The axial force F n in Fig 
Stress-Strain Behavior
As shown in Fig. 1 .2 most metals exhibit a linear stress-strain relationship (curve 1), where as polymers being viscoelastic show a non-linear behavior (curve 2). When the stress is directly proportional to strain the material is said to obey Hooke's law. The slope of the straight line portion of curve 1 is equal to the modulus of elasticity. The maximum stress point on the curve, up to which stress and strain remain proportional is called the proportional limit (point P in Fig. 1.2) [I]. Most materials return to their original size and shape, even if the external load exceeds the proportional limit. The elastic limit represented by the point E in Fig. 1.2 is the maximum load which may be applied without leaving any permanent deformation of the material. If the material is loaded beyond its elastic limit, it does not return to its original size and shape, and is said to have been permanently deformed. On continued loading a point is reached at which the material starts yielding. This point (point Y in Fig. 1.2 ) is known as the yield point, where an increase in strain occurs without an increase in stress. It should however be noted that some materials may not exhibit a yield point. The point B in Fig. 1.2 represents break of the material.
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Strai n E Fig. 1 .3: Secant modulus [3] Owing to their non-linear nature it is difficult to locate the straight line portion of the stress-strain curve for polymeric materials (Fig. 1.3) . The secant modulus represents the ratio of stress to strain at any point (S in Fig. 1.3 ) on the stress-strain diagram and is equal to the slope of the line OS. It is an approximation to a linear response over a narrow, but pre-specified and standard level of strain [2] , which is usually 0.2%.
The initial modulus is a straight line drawn tangent to the initial region of the stressstrain curve to obtain a fictive modulus as shown in Fig. 1.4 . As this is ambiguous, the resin manufacturers provide a modulus with the stress, for example, G 05 corresponding to a strain 0.5 % to characterize the material behavior on a practical basis ( Fig. 1.4) [3] , This stress G 0 is also known as the proof stress. Stress-strain diagrams are given in Fig. 1 .5 for a number of materials [4] . It can be seen from Fig. 1 The 3.5 % flexural stresses of thermoplastics obtained on a 3-point bending fixture ( Fig. 1.6 ) [6] lie in the range 100 to 150 N mm" 2 and those of thermosets from around 60 to 150 N mm" 2 [7] . 
Effect of Temperature on Tensile Strength
The tensile strength is obtained by dividing the maximum load (point M in Fig. 1 .2) the specimen under test will withstand by the original area of cross-section of the specimen. Fig.  1 .7 shows the temperature dependence of the tensile strength of a number of plastics [4] . 
Shear Properties
Shear Modulus
The ratio of shear stress to shear strain represents the shear modulus G. From the equations above results:
Appl i ed l oad 
Effect of Temperature on Shear Modulus
The viscoelastic properties of polymers over a wide range of temperatures can be better characterized by the complex shear modulus G* which is measured in a torsion pendulum test by subjecting the specimen to an oscillatory deformation The tangent of the phase angle 8 is often used to characterize viscoelastic behavior and is known as loss factor. The loss factor d can be obtained from
The modulus-temperature relationship is represented schematically in Fig. 1 .10 [2] , from which the influence of the transition regions described by the glass transition temperature T g and melting point T m is evident.
This kind of data provides information on the molecular structure of the polymer. The storage modulus G' which is a component of the complex shear modulus G* and the loss factor d are plotted as functions of temperature for high density polyethylene in Fig. 1 .11 [4] . These data for various polymers are given in the book [4] . 
Compressive Properties
The isotropic compression due to the pressure acting on all sides of the parallelepiped shown in Fig. 1 .12 is given by the engineering compression ratio K .
where AV is the reduction of volume due to deformation of the body with the original volume F 0 . V 0 -LV P P
Dynamic shear modulus G'
Bulk Modulus
The bulk modulus K is defined by
where A: is calculated from Eq. (1.4.1). The reduction of volume, for instance for PE-LD, when the pressure is increased by 100 bar follows from Table   AV Table 1 .2 [10] . Although the moduli of polymers compared with those of metals are very low, at equal weights, i.e. ratio of modulus to density, polymers compare favorably. In addition to stress and temperature, time is an important factor for characterizing the performance of plastics. Under the action of a constant load a polymeric material experiences a time dependent increase in strain called creep. Creep is therefore the result of increasing strain over time under constant load [6] . Creep behavior can be examined by subjecting the material to tensile, compressive or flexural stress and measuring the strain for a range of loads at a given temperature. The creep modulus E c № in tension can be calculated from E c (t) = W£-(t) (1.5.1) and is independent of stress only in the linear elastic region.
As shown in Fig. 1 .13 the creep data can be represented by creep plots, from which the creep modulus according to Eq. (1.5.1) can be obtained. The time dependence of tensile creep modulus of some thermoplastics at 2O 0 C is shown in Fig. 1.14 [5] . The 2 % elasticity limits of some thermoplastics under uniaxial stress are given in Fig. 1.15 . Creep data measured under various conditions for different polymers are available in [4] . to failure. Data on creep rupture for a number of polymers are presented in [4] . According to [4] the extrapolation of creep data should not exceed one unit of logarithmic time and a strain elongation limit of 20 % of the ultimate strength.
Relaxation Modulus
The relaxation behavior of a polymer is shown in Fig. 1.16 [3] . Relaxation is the stress reduction which occurs in a polymer when it is subjected to a constant strain. This data is of significance in the design of parts which are to undergo long-term deformation. The relaxation modulus of PE-HD-HMW as a function of stress duration is given in Fig. 1 .17 [4] . Similar plots for different materials are to be found in [4] . 
Fatigue Limit
Fatigue is a failure mechanism which results when the material is stressed repeatedly or when it is subjected to a cyclic load. Examples of fatigue situations are components subjected to vibration or repeated impacts. Cyclic loading can cause mechanical deterioration and fracture propagation resulting in ultimate failure of the material.
Fatigue is usually measured under conditions of bending where the specimen is subjected to constant deflection at constant frequency until failure occurs. The asymptotic value of stress shown in the schematic fatigue curve (S-N plot) in Figs. 1.18 and 1.19 [6] is known as the fatigue limit. At stresses or strains which are less than this value failure does not occur normally. For most plastics the fatigue limit is about 20 to 30 % of the ultimate strength measured in short-term tensile investigations [6] . The Woehler plots for oscillating flexural stress for some thermoplastics are given in Fig. 1.21 . Fatigue limits decrease with increasing temperature, increasing frequency and stress concentrations in the part [4] .
Stress
Hardness
Various methods of measuring the hardness of plastics are in use. Their common feature is measuring the deformation in terms of the depth of penetration which follows indentation by a hemisphere, cone or pyramid depending on the test procedure under defined load conditions. According to the type of indenter (Fig. 1.22) used the Shore hardness, for example, is given as Shore A or Shore D, Shore A data referring to soft plastics and Shore D to hard plastics. The results of both methods are expressed on a scale between 0 (very soft plastics) and 100 (very hard surface).
The ball-indentation hardness which represents the indentation depth of a spherical steel indenture is given in Table 1 .3 for some thermoplastics [2] .
Stress
Some materials do not exhibit an asymptotic fatigue limit. In these cases, the endurance limit which gives stress or strain at failure at a certain number of cycles is used (Fig. 1.20) [6] .
Endurance l i mi t
Cycles to failure 
Impact Strength
Impact strength is the ability of the material to withstand a sudden impact blow as in a pendulum test, and indicates the toughness of the material at high rates of deformation. The test procedures are varied. In the Charpy impact test (Fig. 1.23 ) [2] the pendulum strikes the specimen centrally leading to fracture. 
Coefficient of Friction
Although there is no consistent relationship between friction and wear, the factors affecting the two processes such as roughness of the surfaces, relative velocities of the parts in contact and area under pressure are often the same. Table 1 .4 shows the coefficients of sliding friction and sliding wear against steel for different materials [4] . In applications where low friction and high wear resistance are required, smooth surface and low coefficient of friction of the resin components involved are to be recommended. A typical impact curve as a function of temperature is shown in Fig. 1 .24 [6] . This type of data provides the designer with information about the temperature at which the ductile fracture changes to brittle fracture thus enabling to evaluate the performance of the material in a given application. The results of impact tests depend on the manufacturing conditions of the specimen, notch geometry and on the test method. Impact strengths for various plastics are given by Domininghaus [4] . Charpy notched impact strengths of some plastics as functions of notch radius are given in Fig. 1.25 [5] .
Ducti l e behavi our Ducti l e/bri ttl e transi ti on
Bri ttl e behavi our Example [8] :
The following example illustrates the use of physical and performance properties of polymers in dealing with design problems. The minimum depth of the simple beam of SAN shown in Fig. 1 .26 is to be determined for the following conditions:
The beam should support a mid-span load of 11.13 N for 5 years without fracture and without causing a deflection of greater than 2.54 mm.
Solution:
The maximum stress is given by (1.8.1) Creep modulus E c a t cr < cr w ^d a period of 5 years from Under these assumptions the calculated/is less than the allowable value of 2.54 mm. This example shows why creep data are required in design calculations and how they can be applied to solve design problems. 
